The observation of cosmic sub-PeV gamma-rays from the Crab Nebula opens up the possibility of testing cosmic ray photon transparency at the multi-hundred TeV scale. Assuming no deviation from a source gamma-ray emission due to accelerated electron inverse-Compton scattering, higher event energies can extend constraints on the effects of new physics; We consider oscillation between gamma-rays and axions/dark photons, plus attenuation effects from gamma-ray absorption in the case of dark photon dark matter. Combining the recent ASγ and HAWC sub-PeV data with earlier MAGIC and HEGRA data, axion-like particles are most constrained in the 10 −7 − 10 −6 eV mass range, where the coupling gaγ is constrained to be below 1.8 × 10 −10 GeV −1 . In comparison, gamma ray flux attenuation due to oscillation with a dark photon leads to a very weak constraint on the mixing parameter; < ∼ 0.2 for dark photon mass between 10 −7 and 10 −6 eV. Direct scattering from dark photon dark matter limits < ∼ 0.01 for masses between 6 and 400 eV.
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I. INTRODUCTION
Very high energy cosmic photons are crucial astrophysical observational targets, as they can help us to both understand acceleration mechanisms at high energies and identify cosmic ray sources via their directional information. However, very high energy gamma rays above 100 TeV are rare occurrences due to both the scarcity of nearby sources, and the attenuation effect of scattering from the cosmic microwave background, reducing their visibility from distant extra-galactic sources. Recently, the highest sub-PeV gamma rays from the Crab Nebula events were detected by the Tibet ASγ experiment [1] . The Crab Nebula is a well-known high energy gamma ray source, arising possibly due to acceleration processes in the magnetized wind created by the central pulsar. High energy gamma rays in the TeV range originating therefrom have been measured by a number of experiments, including HEGRA [2] , MAGIC [3] , HESS [4] , etc. The latest data from Tibet ASγ [1] and HAWC [5] increase the observed gamma ray spectrum to energies above 100 TeV.
Besides astrophysical interests, the propagation of extremely high energy gamma rays can test photon interactions from theories beyond the Standard Model (BSM). Well-motivated scenarios include photon mixing into lowmass bosonic states like axions [6] and dark photons [7, 8] , photon decay via Lorentz invariance violation [9, 10] The Crab Nebula is a major Galactic source of high energy gamma rays, and the high energy scale of its gamma ray spectrum is utilized for constraining Lorentz invariance violation [11] . BSM processes often lead to an energy-dependent photon flux reduction that benefits from higher energy scales of observed gamma rays. In this paper we study the attenuation of gamma ray survival probability from three new-physics processes induced by an axion-like pseudoscalar or a dark photon. In comparison with previous cosmic ray measurements, we demonstrate that the newly observed high energy gamma ray data enhances the constraints on photon interactions with these new light bosons.
Originally proposed as a natural solution to the strong CP problem [12] [13] [14] , the QCD-axion has recently enjoyed increasing enthusiasm as a non-thermal dark matter candidate [15, 16] within a well-motivated yet evasive parameter space: fulfilling the correct relic density requires the axion mass to be around 10 −5 eV and the decay constant f ∼ 10 12 GeV. In addition, generalized axion-like particles (ALP) are light pseduscalars that carry a similar a f FF coupling to photons. ALPs are commonly predicted in grand unified and superstring theories but they are not restricted to a particular mass range. The axion and ALPs are being searched for by a number of experiments (see [17] for a recent review). For high energy cosmic gamma rays, ALPs can cause oscillation effects in the presence of galactic magnetic fields, as explored in recent studies on potential spectral distortions from astrophysical gamma ray sources .
Dark photons A D [45, 46] are the gauge bosons of hid-den sector U (1) gauge symmetries under which the Standard Model(SM) particles are not directly charged. The dark photons may kinetically mix with the SM photon, allowing normal matter to acquire a small coupling to the mixed state. Such a mixing causes A − A D oscillation in the wherecase the dark photon has nonzero mass, which also enables cosmic photons to scatter off environmental dark photons [47] , if in particular the dark photon makes up the dark matter in our Universe. Both effects attenuate energetic gamma rays over long propagation distances. A number of studies have been worked on this [48] [49] [50] [51] .
In the following Sections II -IV we briefly discuss ALP and dark photon induced oscillation and scattering effects on gamma rays. In Section V we analyze the compilation of Tibet ASγ, HEGRA, MAGIC and HAWC data, and give new physics limits by testing the attenuation processes, and then finally conclude in Section VI.
II. PHOTON-ALP OSCILLATION
The ALP a couples to photon fields with the characteristic coupling
where f relates to the axion decay constant f a by f −1 = c γ α/(πf a ), in which α = 1/137 is the fine structure constant and c γ is a model dependent coefficient dependent on the underlying theory, e.g. c γ = −0.97 and 0.36 in KSVZ [52, 53] and DFSZ [54, 55] models, respectively. For ALPs, here we focus on g aγγ ≡ f −1 as the sole effective parameter for phenomenological purposes. In the presence of an external magnetic field B, Eq. (1) becomes a mixing term [6] between the ALP and a photon that allows for oscillation between the ALP and photon polarisations. Ignoring birefringence and Cotton-Mouton effects, the simplified mixing matrix can be written as
where ω is the photon frequency and ω pl = 4πα/m e is the plasma frequency in the presence of free electrons. The oscillation is then governed by the equation
The components A ⊥ (A ) denote for photon polarisation perpendicular (parallel) to the magnetic field's projection B T in the transverse plane of the photon propagation direction. The conversion probability of initially unpolarized photons into ALPs over a propagation distance L is [25] 
where an ALP mass dependent energy scale emerges,
The galactic magnetic field consists of a random component with small coherence scales and a large scale regular component. The impact of the former is subdominant due to a short-length randomness that mostly leads to self-cancellation of oscillation effects, and here we only consider a regular Galactic B-field component as modelled in Ref. [56] . The strength of B T is ∼1 µG along the 2 kpc distance between the Crab Nebula and the Earth. The Galactic free electron density is estimated to 0.1cm −3 , leading to a typical energy scale
at which the oscillation a ↔ γ effect becomes manifest in the energy spectrum. The reference g aγγ = 10 −10 GeV −1 is the typical scale of constraints from helioscope [57] and cosmic ray searches. As we will show later in Sec. V, the 100+ TeV data from the Crab Nebula also probe g aγγ to this level for ALPs heavier than previous gamma ray data.
Including the oscillation effect, the observed gamma ray flux is then
where f att. denotes for astrophysical flux attenuation due to gamma ray scattering with the Galaxy's dust and radiation field. Since the Crab Nebula is relatively close to the Earth, SM-induced effects on the visibility of O(10 2 ) TeV gamma rays are marginal [58] , and so we simply take f att. = 1 in the γ-DM scattering scenario.
III. PHOTON-DARK PHOTON OSCILLATION
In extensions of the SM featuring dark photons γ with vector U (1) potential A µ D , their interactions are introduced via terms of the type
where is a dimensionless mixing parameter, and J SM µ the SM's electromagnetic current [59] . At energies above that of the dark photon mass but below that of the corresponding fermion mass, these operators can be integrated out to yield the familiar low-energy interactions
To the lowest non-trivial order in α and and in the absence of external electromagnetic fields, the corresponding mixing matrix is
where m D is the dark photon mass. The off-diagonal mixing term is nonzero with the presence of charge density along the propagation path. For each polarisation state photon/dark photon oscillation is then governed by the equation
Solving these equations of motion we find a conversion probability
which results in the oscillation length
By analogy to the axion case discussed in the previous section, upon the inclusion of oscillation effects the observed gamma ray flux is then
IV. DARK PHOTON SCATTERING
Owing to their mixing with ordinary photons, if the dark photon is massive the scattering process γγ → e + e − kinematically opens up for gamma rays above the energy threshold
and 10 2 TeV gamma rays reach this threshold for m D down to 10 −3 eV scale. At the leading order the cosmic ray photon can scatter from the two transversely polarized dark photon modes due to a coupling to electron via mixing with the QED photon. The corresponding Feynman diagrams are shown in Fig. 1 . The resulting scattering cross-section is If the dark photon makes up the major component of the cold dark matter in our Universe the corresponding mean free path of photon propagation is
where the dark photon density n D = ρ DM /m D follows from that of the Galactic dark matter distribution, ρ = 0.3 GeV cm −3 . This being the case we can follow Eq. (13) and calculate the resulting modification of the Crab Nebula gamma ray spectrum via extra scattering attenuation
where L is the distance from Earth to the Crab Nebula.
V. FITS TO GAMMA RAYS
To constrain oscillation effects we consider a combination of the recent 100+ TeV gamma ray data from Tibet ASγ [1] and HAWC [5] , together with previous measurements from HEGRA [2] and MAGIC [3] . The observed gamma ray spectrum is consistent with an expected Inverse-Compton (IC) emission spectrum from accelerated electrons inside the magnetized nebula. The shape of such an IC-dominated spectrum is proposed to follow a 'parabola' parametrization [60] dφ
where the best-fit to ASγ, HEGRA, MAGIC and HAWC data gives α =-2.57, β =-0.17. This best-fit parameters are obtained by minimizing the χ 2 function of joint fit
where the subscript α denotes for different experimental data set, and i for the ith spectral bin in each set. Background-only fit (solid) and the best-fit with ALP effects (dashed) to Tibet ASγ [1] , HAWC [5] , HEGRA [2] and MAGIC [3] data. The energy scale factor f is allowed to float for each data set and its best-fit value is listed. Both the IC background (Eq. (18)) and ALP-case achieve good fits with χ 2 = 42.3/42 and χ 2 = 35.6/38, respectively. The ALP bestfit is found to be slightly better than background, although they agree to within 1σ.
Φ is the integrated flux E n dφ/dE in each bin (see Appendix B for detail), where the raised energy-power index n matches experimental data formats. f α is an energy scale uncertainty that accounts for the significant uncertainty in photon energy reconstruction in air shower measurements, which causes the flux spectrum to effectively shift in energy (and magnitude if n = 1). Such rescaling is typically in the 10-20% range and it is often necessary for the consistency between experiments. The fit with the IC spectrum gives the best scaling factors, as shown in Fig. IV . In our analysis we adopt δf = 0.15 for HEGRA [2] , 0.15 for MAGIC, 0.12 for Tibet ASγ and 0.14 for HAWC. We restrict the variation of f α to be within the range of energy scaling uncertainty |∆f α | ≤ δf α .
The fits with axion and dark photon effects are performed after incorporating the photon flux suppression given in Eqs. (6) , (13) and (17) . For ALP-induced oscillation, a best fit point is obtained at g aγ = 1.58 × 10 −11 GeV −1 , m a = 1.26 × 10 −7 eV with the minimal χ 2 min = 35.6, giving a slight improvement over the background-only fit due to fluctuations in the measured energy spectra.
The fitting process marginalizes over the background IC spectral parameters {φ 0 , E 0 , α, β} and experimental energy scaling factors {f α }, to obtain the minimal χ 2 for each point in the ALP (g aγγ , m a ) and dark photon (κ, m γ ) parameter spaces. The statistical significance of the χ 2 variation with ALP and A parameters needs special treatment due to the highly oscillatory dependence of the spectral deviation on these parameters. Follow- ing the statistical prescription for nonlinear dependence in Ref. [41] , we compare likelihood distribution and find the oscillatory dependence on g aγ and m a is equivalent to 3.6 effective degrees of freedom, which corresponds to a 95% C.L. increment ∆χ 2 ∼ 8.8.
Interestingly, due to very low global χ 2 min value, even with a ∆χ 2 = 8.8 increment, a χ 2 = 44.4 is only slightly worse (at 78% C.L.) than 1σ consistency for a χ 2 distribution with 38 effective degrees of freedom, and this is still a very acceptable global fit. Therefore, we use a more conservative criterion that requires the total χ 2 to be below 53.4 for 95% consistency with all the data. The resulting exclusion contours on the (g aγγ , m a ) plane are shown in Fig. 3 . For 95% exclusion around an ALP mass 10 −7 − 10 −6 eV, the gamma ray data give a limit of g a γ below 2 × 10 −10 GeV −1 , which is close to the latest solar axion constraint from CAST [57] .
The 95% C.L. exclusion limit for photon -dark photon oscillation is shown in Fig. 4 . Due to a similar oscillatory dependence as in the ALP case, we also estimate 4.6 effective degrees of freedom for the χ 2 dependence on the dark photon mixing and mass parameters { , m D }. The 95% C.L. exclusion limit is also placed at χ 2 = 52.2. Compared to the threshold-enhancement oscillation amplitude in the ALP case, the oscillation amplitude for dark photons is relatively enhanced for ∆ pl ∼ ∆ D . However, a very large mixing parameter would be necessary for any spectral alteration to be comparable to experimental uncertainty. The best 95% C.L. ≤ 0.2 sensitivity is obtained for m D = 10 −7 − 10 −6 eV.
In comparison, γ-ray scattering on dark photon dark matter is relevant at a higher m D range near the e + e − threshold. Spectral attenuation due to scattering is nonoscillatory, and the 95% C.L.limit in Fig. 5 corresponds to a total χ 2 = 55.8. The best exclusion of > 0.01 occurs at m D ∼ 100 eV. These dark photon limits are much higher than the typically small mixing required for A D to decouple as dark matter, and significantly less stringent than other dark photon constraints [61] .
Note the HESS experiment also observes high energy gamma rays from the Crab Nebula [4] , and the resulting spectrum is well fit by the IC background. However, the very low χ 2 from HESS data is an overfit to the IC background model, and inclusion of this data set in the combined fit would lead to a less stringent constraint on new physics. Therefore, we do not include HESS in Fig. 3 . For comparisons, we list the ALP fitting result to individual data set, and the result after including HESS data, in Appendix B.
VI. CONCLUSION
We have studied potential gamma ray spectral distortions induced by ALPs and dark photons in light of the recent measurement of photons above 100 TeV from the Tibet ASγ and HAWC experiments. The newly measured higher energy gamma ray events from the Crab Nebula allow us to extend beyond the sensitivity of previous studies to a higher ALP mass range. Assuming an astrophysical background spectrum from accelerated electron inverse Compton occurring scattering inside the Crab Nebula, we performed analyses on the data consistency with the IC background, including oscillation and attenuation effects from the photon interactions with axion-like particles and dark photons.
The Tibet ASγ, HAWC data and previous HESS, MAGIC and HEGRA data are in very good consistency with a single parabola IC background, at the cost of shifting the energy scale of each experiment in a range comparable to their reported energy uncertainties. All of Tibet ASγ's highest energy gamma ray events are from the Crab Nebula. The relatively close distance to the Earth makes the oscillation effects less significant compared to signals from farther away sources, but the higher energies involved can probe into the higher ALP mass range of 10 −7 − 10 −6 eV. For a mass region centred at 2 − 6 × 10 −7 eV, the ALP-photon effective coupling is excluded to 1.8 × 10 −10 GeV −1 . These limits may improve with future accumulation of extremely high energy gamma ray data, or 100+ TeV measurements from other identifiable sources at significant distances.
We also studied the effect of high energy gamma ray oscillations into dark photons, and the flux attenuation from scattering on massive dark photons in the form of cold dark matter. Due to kinetic mixing, the propagating modes in γ − γ mixing require a U (1) EM breaking medium to develop an effective mass, which leads to relatively suppressed photon -dark photon oscillation effects due to the limited free charge density in the Galactic medium. An ∼ 0.2 mixing is needed to yield significant modification on the observed gamma ray data for dark photon masses m D > 10 −7 eV. Assuming the dark photon constitutes all the dark matter in our Universe, inclusion of the flux attenuation due to scattering on dark photons also leads to ∼ 0.01 for m D ∼ 100 eV. Both are subdominant to the existing laboratory and cosmological bounds. sult with HESS included is shown in Fig. 6 , where the 95% exclusion region moves slightly to larger g aγ .
